Abstract. Constituent observations from the Upper Atmosphere Research Satellite (UARS) in combination with estimates of the residual circulation are used to examine the transport and chemical budgets of HF, CH4 and 03 in the summer Northern Hemisphere. Budget calculations ofHF, CH4 and 03 show that the transport tendency due to the residual circulation increases in magnitude and is largely opposed by eddy motions through the summer months. Ozone budget analyses show that between 100 and 31 hPa, the magnitudes of the mean circulation and eddy transport tenns increase through the summer months, producing tendencies that are factors of 2 to 3 times larger than the observed ozone change in the stratosphere. Chemical loss dominates the observed ozone decrease only at the highest latitudes, poleward of about 70øN. A comparison of observations from the Total Ozone Mapping Spectrometer with UARS-calculated total ozone suggests that poleward of 50øN, between 35% and 55% of the seasonal ozone decline during the summer occurs at altitudes below 100 hPa. The overall uncertainties, associated primarily with calculations of the residual circulation and eddy transport, are relatively large, and thus prevent accurate and useful constraints on the ozone chemical rate in the lower stratosphere.
Introduction
The annual cycle in stratospheric ozone has been studied for many years [e.g., Bowman and Krueger, 1985; Krueger, 1989; Perliski et al., 1989] . Data from the ground-based Dobson spectrophotometer network and the Total Ozone Mapping Spectrometer (TOMS) show a pronounced annual cycle in ozone in the middle to high latitudes (see Figure 1) . In the spring, column ozone reaches a peak in the middle to high latitudes due to the poleward transport of ozone-rich air from lower latitudes and higher altitudes [Dobson et al., 1946; Bojkov, 1988] . In contrast, column ozone abundances in the autumn hemisphere are at least 30% smaller than the springtime maximum. Because large-scale planetary wave activity is at a minimum during the summer months, the decrease in total ozone has been largely attributed to in situ photochemical loss processes [Johnston, 1975; Farman et al., 1985 ]. However, current models in general overpredict the decline of ozone through the summer months [Chipperfield, 1999] . This suggests that there is a need to better quantify the processes responsible for the decline in summertime ozone [Natarajan and Callis, 1997; Rosenlof, 1999] .
The main objective for the Photochemistry of Ozone Loss in the Arctic Region in Summer (POLARIS) aircraft mission, completed in 1997, was focused on improving our understanding of the processes responsible for the decline in high-latitude ozone observed between Northern Hemisphere (NH) spring and autumn [Newman et al., 1999] anthropogenic processes can be made. Therefore it was recognized that a concerted effort must be made to study and assess the accuracy of the ozone budget in this region of the atmosphere. The focus of this paper will be to further examine transport variations in the summer NH stratosphere and assess how well we can constrain the budget terms using available tracer and circulation fields.
The summer hemisphere has generally been characterized as a region of weak meridional circulation [Brasseur and Solomon, 1986; Luo et al., 1997] . Because topographically forced largescale planetary waves cannot propagate through the prevailing easterly winds present in the summer hemisphere [Charhey and Drazin, 1961] , eddy wave activity is relatively weak. Statistics from the National Centers for Environmental Prediction (NCEP) analysis show that amplitudes of wave 1-3 geopotential height are significantly weaker from June through September in the NH midlatitudes [Randel, 1987] . Previous observations of tracer variability in the summer stratosphere have been explained as either remnants of the springtime final warming or normal mode wave oscillations [Ehhalt et al., 1983; Hess and Holton, 1985] .
The variations in ozone and other trace gases in the summer stratosphere have been studied using various approaches. Results from a two-dimensional (2-D) model indicate that poleward of 40øN from 15 to 30 km, the net ozone loss during summer is due to photochemical destruction. This is attributed to the increased effectiveness of the odd nitrogen catalytic cycle [Perliski et al., 1989; Gao et al., 1999] . At lower latitudes, production and destruction are balanced by transport, while at higher altitudes, ozone is in photochemical equilibrium. However, the recent analysis of Rosenlof [1999] suggests that the seasonal cycle in transport is an important contributor to the summertime ozone budget between 60 ø and 70øN in the lower stratosphere. In this study we use a UARS climatology of long-lived tracer data along with estimates of the residual circulation to study the transport circulation of the NH summer stratosphere. This work is aimed at providing additional understanding of the dynamical contribution to the summertime decline of total ozone in the middle latitudes. Because CH4 and HF are relatively long lived in the lower stratosphere, their variations can be used to understand transport processes. Estimates of the ozone budget are also made, including an attempt to derive the chemical rate. In section 2 we provide a brief description of the observational fields, while details of the summer variations of CH4 and HF are shown in section 3. The calculation and description of the residual circulation are presented in section 4. In section 5 we use estimates of the transport fields to calculate the contributions of chemistry and dynamics on the HF and CH4 budget during the NH summer stratosphere, while in section 6 we do the same for the ozone budget. The conclusions are given in section 7.
Observational Data
In this study we use a monthly climatology of Halogen Occultation Experiment (HALOE) Version 18 03, CH4 and HF data between 100 hPa and 1 hPa during the years 1991-1997 as originally described by Randel et al. [1998] . Seasonal cycle fits to the monthly data are then made using a harmonic regression analysis. In the polar regions, where HALOE observations are absent, these analyses are augmented using CLAES CH4 [Roche et al., 1996] 
Residual Circulation
The residual circulation is estimated using the thermodynamic energy equation and mass continuity equations given as [Rosenlof, 1995] (2) Because this term is inherently difficult to calculate explicitly, for now we estimate the contribution due to eddy transport as a residual of the other terms in (4). We will later explore other methods for estimating the eddy transport. HF tendencies up to 0.1 ppbv/month. Correspondingly, V. M is also larger in July-August. Again, the structure and distribution are similar to the mean meridional transport, with negative tendencies calculated poleward of 50øN. The relative balance between the mean meridional transport and the eddy transport are an apparent feature of the stratosphere [Randel et al., 1998 ].
In the NH at middle to high latitudes, there are significant differences in transport tendencies between early and late summer. In the early summer, when the time tendency is mostly negative poleward of 30øN, the presence of weak upward motion can largely explain these tendencies. In addition, the magnitudes of the mean meridional transport and the eddy transport are similar to the time tendency. After June, this situation changes significantly. From July through August, the magnitudes of 
CH4
Because CH4 and HF have similar spatial gradients, we expect the structure of the budget calculations to be similar, but of opposite sign. In general, we find this to be true. Figure 2 ). There are also strong similarities between the CH4 and HF structures for V ß M, although small differences exist as well. The origin of the differences largely resides in the chemical and time tendency terms, which are both slightly different between CH4 and HF. The good correspondence between the CH4 and HF data sets is an indication of the relative consistency between the UARS observations [Park and Russell, 1994 ]. In the next section, we will use the good correspondence between these datasets to derive additional estimates of the eddy transport.
Estimates of Eddy Transport
In the above analysis, although we have identified the general tendencies of the tracer budgets, an independent method of calculating the eddy transport would be desirable. If accurate estimates of the eddy transport could be obtained, then the tracer observations, along with the residual circulation calculations, could be used to constrain the chemical terms as a residual.
While the eddy transport can be calculated directly from observations, in practice this is quite difficult, and thus simplifying assumptions are generally made to allow the use of global analyses to calculate the eddy diffusion coefficient [Newman et al., 1988] . Estimates of the horizontal eddy diffusion coefficient, Kyy, can be calculated using the UKMO global analyses as described by Jackman et al. [1996] . Briefly, the Eliassen-Palm (E-P) flux divergehce is computed off-line from the UKMO 3-D analyses from 1990 through 1997. The horizontal diffusion coefficient is then obtained by computing the ratio of E-P flux divergence to the meridional gradient of zonal mean potential vorticity [Randel and Garcia, 1994 ]. We will neglect the influence of the vertical diffusion, K,,z, which is relatively small in the stratosphere [Sabutis, 1997] .
Calculations of the HF eddy transport using (5), where Kyy is estimated from the UKMO analyses, are compared to the residual calculations. Although the sign of the tendencies is generally consistent between the two techniques, in general the magnitudes are weaker using the eddy diffusion coefficient, especially in late summer at high latitudes. Similar results are obtained using the CH4 constituent data. There are two possible reasons for the poor correspondence between these two methods. First, because of the relatively weak large-scale wave motions present in the summer stratosphere, estimates of the eddy transport may not be as useful during this time of year. Second, since the calculations of (5) require computing a second derivative of the observed tracer fields, any inherent uncertainties in the initial tracer field will be amplified after two derivative operations. Therefore it is difficult to argue that improvements in our understanding of the magnitude of the eddy transport in summer have been made with this method.
We now consider an alternate method to derive the eddy diffusion coefficient using the previously derived tracer budgets. If we assume that the residual term is the complete horizontal eddy transport term, then from (5), we can solve for Kyy using the calculated residual. This calculation, however, produces extremely noisy fields, and thus the results are not usable. However, we find that using a simpler relationship between V eMand ryy yields structures that reproduce most of the observed variations in the V. M term. We define an effective diffusion coefficient as K3y =-a(V.M)/[tanrp•,y), where a is the Earth's radius. Note that this is simply one of the terms in the expanded derivative of (5); the other two terms are generally smaller in magnitude [Holton and Choi, 1988] . Calculations of the eddy transport using the effective diffusion coefficient can then be made.
In Figure 8 , we show the HF eddy transport calculated using the effective diffusion coefficient derived from the CH4 calculations. Overall, the eddy transport calculation using the effective diffusion coefficient is very similar to the residual calculation of V•M, shown in Figures 5 and 6 . This is again expected because of the similarity in the transport tendencies between HF and CH4 observations. The large-scale features of the residual calculation are well captured in the effective transport calculation, although at high latitudes during JulyAugust, the effective transport calculation is somewhat weaker. In section 6, we will use these effective transport coefficients to estimate the magnitude of eddy transport for the summertime ozone budget. September. The amount of ozone lost during the summer months in the northern latitudes, calculated from both UARS and TOMS, is shown in Figure 9c . At lower latitudes, UTOZ and TOMS roughly agree. The declines in total ozone from April to September increase in magnitude with increasing latitude up to 40øN, where the total decline of ozone is nearly 60 DU through the summer. At higher latitudes, the decline in total ozone during summer increases sharply with latitude according to TOMS, while the change in UTOZ is roughly constant with latitude. For example, at 65øN the decline of ozone during summer from UTOZ is 60 DU compared to a decline of 140 DU from TOMS. The variations in these differences suggest that a significant proportion (35-55%) of the high-latitude summertime ozone decline poleward of 50øN occurs below 100 hPa, the lowest pressure level observed by HALOE. Therefore the following ozone budget analysis, which is only valid down to 100 hPa, may only represent a portion of the total ozone variability.
Ozone Budget
We now calculate the ozone budget terms in amanner similar to section 5 using the previously derived estimates of the transport circulation. In Figure 10 [Brasseur and Solomon, 1986] . Therefore although we show the analysis up to 30 km, we realize that from 25 to 30 km, changes in the local chemistry may play a larger role than transport.
The observed ozone tendency in early summer is negative in the NH lower stratosphere poleward of 20øN (Figure 10a ). The transport due to the mean meridional circulation produces negative tendencies over much of the NH stratosphere, except for a region in the lower stratosphere poleward of 20øN. Chemically, there is production in the tropical latitudes and destruction in the higher latitudes, while the magnitudes of the chemical terms above 25 km are large compared to the dynamical terms. In the later summer (Figure 10b ) the presence of strong downward motion poleward of 40øN produces larger transport amplitudes due to the mean meridional circulation. The positive tendencies are explained by downward motion bringing higher ozone air to lower altitudes. We note that the timing and distribution of the 03 tendencies are similar to the HF results. Table 1 ppmv/month in late summer. This change is also found in the eddy transport term, which is calculated as a residual. As discussed earlier, the reason for these changes is largely due to the increased strength of the residual circulation in late summer. These results compare well with the zonally averaged ozone mass flux calculations of Gettelrnan et al. [1997] and Rosenlof [1999] , which show the distinct change in transport tendencies between the early and late summer. These results suggest that chemistry is a larger proportion of the ozone budget in the early summer compared the later summer months.
The contribution of these variations to the total ozone is shown in Figure 11 . The ozone tendencies, integrated between 100 and 31 hPa, are calculated from April through September. The time tendency of ozone shows a maximum decrease of 15 DU/month In theory, it should be possible to use the previously derived budget terms to obtain estimates of the chemical rates as a residual. In section 5, estimates of the horizontal eddy diffusion coefficient from UKMO analyses were used to calculate the eddy transport. These fields, however, did not resemble the residual eddy transport term, and thus it does not seem that deriving a chemical rate in this manner would produce meaningful results. More encouraging results were produced using the effective diffusion coefficient, which did produce eddy transport fields that resembled the residual eddy transport calculation. Therefore we now attempt to derive the ozone chemical rate as a residual of the other budget terms. 
Conclusions
Tracer budget fields derived from HF and CI-h are used to investigate dynamical variations in the summer Northern Hemisphere stratosphere. These results are then later used to study the role transport plays in the summertime ozone budget. A tracer climatology from UARS and estimates of the residual circulation derived from UKMO temperature analyses are used to determine transport tendencies. Estimates of the eddy transport are first determined as a residual of the other budget terms, and then later estimated from CH4 tracer budgets. The structure and amplitude of the individual terms in the constituent budget equation were then analyzed.
There are significant changes in the transport circulation of the NH stratosphere from early summer (May-June) to late summer (July-August). In early summer, upward motion is present throughout much of the NH stratosphere, while in the later summer months, downward motion is prevalent poleward of 40øN. This has an important impact on long-lived tracer budgets. For HF, upward motion in early summer produces negative tendencies, while downward motion in late summer produces positive tendencies. In early summer, transport by the residual circulation can account for a majority of the tracer variability, while by middle to late summer, the mean meridional transport and eddy transport terms, which largdy oppose each other, are much larger than the observed tracer tendency. The balance between these two larger terms in the middle to late summer (the chemical term is normally small for CH4 and HF in the lower stratosphere) makes model calculations of tracer tendencies during middle to late summer challenging. This is especially true considering the relatively large uncertainties identified in calculations of the residual circulation and the eddy transport in the NH summer.
We perform a similar budget analysis for lower stratosphere In early summer the relatively weak residual circulation produces positive ozone tendencies throughout much of summer stratosphere. The magnitudes of these tendencies, along with the tendencies of eddy transport and chemistry, are all similar to the observed ozone tendency. However, by late summer, the residual circulation becomes strongly downward in the higher latitudes. The contributions to the ozone budget by the residual circulation and eddy transport are now a factor of 2 to 3 times larger than the observed ozone tendency. This implies that in the late summer the balance between two relatively large transport terms and a chemical term produces the relatively small ozone decreases observed.
We also explored deriving the ozone chemical rate as a residual of the other budget terms. At present, though, the relatively large uncertainties in the individual transport terms do not provide enough accuracy to adequately constrain the ozone chemical rate. In particular, uncertainties in the residual circulation field and the eddy transport are estimated to be significant, although their magnitudes largely cancel each other in the summer stratosphere. While our analysis is in general agreement with previous studies, large uncertainties persist in our calculations of transport budgets in the summer stratosphere. The difficulty in calculating accurate transport fields in the summer stratosphere, as also noted by Coy and Swinbank [1997] , is primarily due to the presence of relatively weak heating rates in the NH summer. Thus, obtaining accurate estimates of the relative balances between dynamics and chemistry is particularly difficult in the NH summer stratosphere and will require further work before useful constraints can be placed on the budget terrm.
